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Technical Reference on Hydrogen Compatibility of Materials
Austenitic Steels:
300-Series Stainless Steels,

Stabilized Alloys: Types 321 & 347 (code 2104)

1. General

Types 321 and 347 stainless steels are designed to be single-phase austenite having
chromium and nickel contents similar to Types 304 and 316 stainless steels. The alloy
chemistries of Types 321 and 347 are distinguished from the other 300-series stainless steels by
the addition of titanium (Type 321) or niobium (Type 347). Titanium and niobium are strong
carbide formers, and these alloying elements are added to promote the precipitation of
intragranular titanium carbides or niobium carbides in preference to intergranular chromium
carbides, i.e., Cry3Cs. The formation of intergranular chromium carbides in 300-series stainless
steels at elevated temperatures is the well-known sensitization phenomenon, which renders grain
boundaries more susceptible to corrosion. The Types 321 and 347 stainless steels are referred to
as “stabilized” grades because the precipitation of titanium carbides or niobium carbides inhibits
sensitization.

The predominant metallurgical variable governing hydrogen-assisted fracture in 300-series
stainless steels is alloy composition, particularly nickel content. Results consistently demonstrate
that these steels become more susceptible to hydrogen-assisted fracture as nickel content
decreases [1-3]. Lower nickel content promotes both strain-induced martensite formation and
more severe localized deformation, and both of these metallurgical features have been associated
with hydrogen-assisted fracture in 300-series stainless steels. The specifications for nickel in
Types 321 and 347 stainless steels are 9-12 wt% and 9-13 wt%, respectively. Based on these
specifications, the Types 321 and 347 alloys are expected to be susceptible to hydrogen-assisted
fracture when exposed to hydrogen gas, particularly when nickel is at the lower end of the
specification.

The limited mechanical property data presented for Types 321 and 347 stainless steels in this
chapter suggest that these alloys can be susceptible to hydrogen-assisted fracture, however not all
data indicate such susceptibility. The inconsistency in the hydrogen-assisted fracture response
reflected by the data may be attributed to materials testing variables, such as loading rate and the
method of hydrogen exposure.

1.1 Composition and microstructure

Table 1.1.1 provides the alloy composition specifications for Types 321 and 347 stainless
steels. Table 1.1.2 summarizes the alloy compositions and product forms of the Types 321 and
347 stainless steels used in hydrogen compatibility studies that are cited in this chapter.
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1.2 Common designations
Type 321: UNS32100 (321), UNS32109 (321H)
Type 347: UNS34700 (347), UNS34709 (347H), UNS34751 (347LN)

2. Permeability, Diffusivity and Solubility

References [1, 4, 5] provide summaries of permeability, diffusivity, and solubility data for
hydrogen in austenitic stainless steels. The permeability, diffusivity, and solubility vs
temperature relationships for 300-series stainless steels are clustered in a band, which includes
relationships for Types 321 and 347 stainless steels [1, 5]. The parameters in selected
permeability (®), diffusivity (D), and solubility (S) relationships for Types 321 and 347 stainless
steels are listed in Table 2.1. Also included in Table 2.1 are parameters for relationships that are
expected to provide reasonable approximations for all 300-series stainless steels.

3. Mechanical Properties: Effects of Gaseous Hydrogen
3.1 Tensile properties

3.1.1 Smooth tensile properties

Tensile fracture data from smooth specimens strained in high-pressure hydrogen gas
demonstrate that Types 321 and 347 stainless steels can be susceptible to hydrogen-assisted
fracture, but results are not consistent. Tensile data measured at room temperature are
summarized in Table 3.1.1.1. Data for a Type 347 stainless steel (material L72) reveal that
testing in 69 MPa hydrogen gas severely degrades ductility, where the reduction in area (RA) in
hydrogen is less than 50% of the value in helium. Data for a Type 321 stainless steel (material
W73) reveal a more moderate effect of hydrogen on ductility. In this case, the RA measured in
34.5 MPa hydrogen gas was only about 10% less than the value measured in helium. Two
possible variables that could account for the difference in the effect of hydrogen on these two
materials are the hydrogen gas pressures and alloy compositions; however, a possible effect of
alloy composition (in particular nickel content) cannot be assessed since this information was not
provided for Type 347 material L72.

A more notable discrepancy in susceptibility to hydrogen-assisted fracture is found for the
two Type 347 materials in Table 3.1.1.1. While testing in hydrogen gas causes a reduction in
ductility greater than 50% for material L72, hydrogen has no effect on ductility for material H73.
Although the hydrogen gas pressures are different for the two materials, both pressures are high
enough to cause hydrogen-assisted fracture in 300-series stainless steels. Two other possible
sources for the difference in hydrogen-assisted fracture behavior are the alloy compositions and
tensile strain rates. Higher strain rates are known to mitigate environment-assisted fracture when
straining and environmental exposure are conducted concurrently. The strain rate used during
testing of material H73 is relatively high and could mitigate hydrogen-assisted fracture, since the
combination of short test duration and low hydrogen diffusivity may limit hydrogen uptake into
the material.

Tensile properties measured at low and elevated temperatures are summarized in Tables
3.1.1.2 and 3.1.1.3. A general trend for austenitic stainless steels is that hydrogen effects on
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ductility are minimized at low temperature (i.e., < 150 K) and elevated temperature (i.e., >
300 K) and are greatest at a temperature near 200 K [1, 6]. The effect of hydrogen on ductility
for the Type 321 steel is similar at room temperature and 144 K; in both cases, the RA measured
in hydrogen is about 10-15% less than the value measured in helium. It is possible that
hydrogen-assisted fracture would be more pronounced at a temperature near 200 K. For the Type
347 material H73, ductility is not affected by hydrogen gas at 111 K or 950 K. Although these
trends for the Type 347 steel may be consistent with expected temperature effects, the high
tensile strain rate must be considered in this case.

3.1.2 Notched tensile properties

Results from tests in high-pressure hydrogen gas indicate that hydrogen-assisted fracture may
be more severe in notched tensile specimens. The data for Type 321 material W73 strained in
34.5 MPa hydrogen gas at room temperature (Table 3.1.2.1) show that RA is severely degraded
(>60% loss in RA) and strength is also reduced (>10% loss in os). These effects of hydrogen on
tensile properties are more pronounced compared to results from smooth specimens of Type 321
material W73 (Table 3.1.1.1). The tensile properties for Type 347 material H73 are not affected
by hydrogen at room temperature; however, the displacement rate for these tests was relatively
high and could have mitigated hydrogen-assisted fracture.

Properties measured from notched tensile specimens at low and elevated temperatures are
summarized in Tables 3.1.2.2 and 3.1.2.3. Hydrogen did not affect the tensile properties of Type
321 material W73 at 144 K. This tensile behavior at 144 K is generally consistent with the
expectation that hydrogen has a diminished effect on ductility for austenitic stainless steels in the
temperature range 100-150 K. The tensile properties of Type 347 material H73 were not
significantly affected by hydrogen at either 111 K or 950 K. This trend is consistent with
expected temperature effects, but the high displacement rates that were employed in the study of
Type 347 [7] must also be considered.

3.2 Fracture mechanics

3.2.1 Fracture toughness

Fracture toughness tests were conducted on Types 321 and 347 stainless steels in 34.5 MPa
hydrogen gas [7, 8]. The measurements were conducted using linear elastic fracture mechanics
methods; however, these test methods are not appropriate for low-strength, high-toughness
materials such as the austenitic stainless steels. Consequently, the test methods and material
property data are considered to be not reliable.

3.2.2 Threshold stress intensity factor

Tests to measure the threshold stress intensity factor were conducted for Type 321 stainless
steel in 34.5 MPa hydrogen gas [8]. The reported test methods and material property data are
considered to be not reliable.

3.3 Fatigue

3.3.1 Low-cycle fatigue

Low-cycle fatigue tests conducted on a Type 347 stainless steel did not reveal a detrimental
effect of hydrogen. Smooth, uniaxial specimens from the Type 347 material H73 (Table 1.1.2)
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were subjected to tension-compression loading (constant total strain range, where the minimum
strain was zero) at a frequency of about 0.06 Hz while exposed to 34.5 MPa hydrogen gas. The
strain range vs number of cycles to failure data are presented in Figure 3.3.1.1. The strain range
vs number of cycles to failure data from tests in hydrogen gas and helium gas fall on the same
trend line.

3.3.2 High-cycle fatigue

The high-cycle fatigue response of Type 347 stainless steel (material H73) was not affected
by hydrogen. Stress-controlled, tension-tension tests were conducted in 34.5 MPa hydrogen gas
at a frequency of 20 Hz and a load ratio of 0.1 using smooth, uniaxial specimens. The maximum
applied tensile stress vs number of cycles to failure data are presented in Figure 3.3.2.1. The
tensile stress vs number of cycles to failure data from tests in hydrogen gas and helium gas
follow the same trend line, but, as discussed in previous sections, the high frequency (i.e., rate)
must be considered when interpreting these results.

3.4 Creep

Tests on Type 347 stainless steel did not reveal an effect of hydrogen on creep rupture life.
However, the strain to failure during creep was significantly reduced by hydrogen. Smooth
specimens of Type 347 material H73 (Table 1.1.2) were subjected to constant applied load in
34.5 MPa hydrogen gas at 950 K. The time to reach various creep strain levels, time to rupture,
and strain to failure were measured as a function of applied stress. These data are summarized in
Table 3.4.1, and the stress vs time to rupture data are plotted in Figure 3.4.1. The limited data
show that at a fixed stress level of about 140 MPa the time to rupture was not affected by
hydrogen, but the RA measured after testing in hydrogen gas was about 70% lower than the
value measured after testing in helium gas.

3.5 Impact
No known published data in hydrogen gas.

3.6 Disk rupture testing
No known published data in hydrogen gas.

4. Fabrication

4.1 Properties of welds
No known published data in hydrogen gas.
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Types 321 & 347

Table 1.1.1. Allowable composition ranges (wt%) for Types 321 and 347 stainless steels [9].

UNS AISI Fe Cr Ni Mn Nb Ti Si C other
No. No.
17.00 | 9.00 | 2.00 5xC | 1.00 | 0.08 | 0.030 max S;
532100 321 Bal 19.00 | 12.00 | max o min | max | max | 0.045 max P
17.00 | 9.00 | 2.00 | 10xC 1.00 | 0.08 | 0.030 max S;
534700 347 Bal 19.00 | 13.00 | max | min o max | max | 0.045 max P
Table 1.1.2. Compositions (wt%) of Types 321 and 347 stainless steels in hydrogen
compatibility studies.
Heat | Product Form | Fe Cr Ni Mn | Nb Ti Si C other | Ref.
sheet .
589 (A1223K/4h | Bal | 1796 | 8.08 [ 049 | — ]0.51]0.84 | 0.053 0.010'S; [5]
321 L FC) 0.032 P
W73 | 32 mm plate 0.015 S;
391 (HR + A) Bal | 17.80 | 10.45 146 | — |0.51]0.58| 0.06 0.026 P [8]
19 mm D bar .
13{1; (A1297K/1h | Bal | 184 | 10.10| 2.0 | 0.83* | — | 0.94 | 0.06 0'(1))10 5; [10]
+ AC + CF) nt

nr = not reported; A = anneal; AC = air cool; CF = cold finished; D = diameter; FC = furnace
cool; HR = hot rolled
* Nb+Ta
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Types 321 & 347

Table 2.1. Parameters in permeability, diffusivity and solubility relationships for hydrogen in Types 321 and 347 austenitic stainless

steels.
©=D,exp(-Ey/RT) |, _ D, exp(-E,, /RT) S =S, exp(-E,/RT)
) Temperature | Pressure
Material Range Range o, E, D, E), S, Eg Ref.
(K) (MPa) ( mol H, ) ( kJ ) m’® ( kJ ) ( mol H, ) ( kJ )
m-s-MPa'? mol S mol m’ - MPa'”? mol
gg? 473-703 0.1 2.44x10* | 6270 | 461x107 | 53.79 529 891 | [5.11]
0.6 x 107 - 5
* - _ _ _ _
321 497-933 12 % 107 8.53x10 59.4 [12]
347 * 823-973 — 3.59x10™ 69.0 2.55x10° 61.9 141 7.1 [1]
300-series
stainless — — 1.2x10™ 59.8 8.9x 107 53.9 135 5.9 [4]
steels

* Alloy composition not reported.
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Types 321 & 347

Table 3.1.1.1. Smooth tensile properties of Types 321 and 347 stainless steels tested at room
temperature in hydrogen gas. Properties in air and/or helium gas are included for comparison.

Materiq) | Thermal Test SN s, | s, [El | Bl [RA|
precharging | environment s (MPa) | (MPa) | (%) | (%) | (%) '

Air 221 600 | — | 77 | 71
\73‘/2713 None 34.5 MPa He Xol.g_637* 200 579 | — | 63 | 66 | [8]

34.5 MPa H, 255 593 | — | 64 | 60

H73 345MPaHe | 067 | 461 | 695 | — | 37 | 70
None x107 [7]

347 34.5MPaHy | ks 455 752 | — | 40 | 71
L72% 69 MPa He 206 572 — | 60 | 80 | [13
None — ’
347 69 MPa H, 200 510 | — | 38 | 37 | 14]

* Estimated from displacement rate and specimen gauge length.
F Strain rate up to S,. Strain rate increased to 1.3x107 s between S, and S,.
1 Alloy composition not reported.

Table 3.1.1.2. Smooth tensile properties of Types 321 and 347 stainless steels tested at low

temperature in hydrogen gas. Properties in helium gas are included for comparison.

Material Thermal Test Temp S;;?én Sy S:. | El, | Eli | RA Ref
precharging| environment | (K) () (MPa)| (MPa)| (%) | (%) | (%) '
34.5 MPa He — | 85 | — | 48 | 67
W73 None 144 0'0.637* [8]
321 34.5 MPa H, x10 — | 841 | — | 43 | 56
34.5 MPa He 0.67 | 720 | 1378 | — | 43 | 64
H73 3
None 111 x10 [7]
347 34.5 MPa H, kg | 6064|1267 | — | 43 | 64
* Estimated from displacement rate and specimen gauge length.
T Strain rate up to S,. Strain rate increased to 1.3x10” s between S, and S,,.
Table 3.1.1.3. Smooth tensile properties of Type 347 stainless steel tested at elevated
temperature in hydrogen gas. Properties in helium gas are included for comparison.
Material Thermal Test Temp. S;;?;n Sy Su El, | El | RA Ref
precharging | environment | (K) (s'l) (MPa) |(MPa)| (%) | (%) | (%) '
H73 34.5 MPa He 0.67 | 397 | 414 | — |25 | 67
None 950 | x107 [7]
347 34.5 MPa H, sa | 397 | 424 | — |25 |67

* Estimated from displacement rate and specimen gauge length.
F Strain rate up to S,. Strain rate increased to 1.3x107 s between S, and S,.
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Types 321 & 347

Table 3.1.2.1. Notched tensile properties of Types 321 and 347 stainless steels tested at room
temperature in hydrogen gas. Properties in helium gas are included for comparison.

Material | Specimen Thermal Test Dr{astil' Sy 1 Os RA Ref.
p precharging | environment (mm/s) (MPa) | (MPa) | (%) '
W73 None 345MPaHe | ~0.4 200 779 6.4
321 (@) 107 [8]
None 345MPaH, | X 255 683 2.3
H73 None 34.5 MPa He 42 461 1184 | 20
347 (b) 107 [7]
None 345MPaH, | X 455 1169 | 18

T yield strength of smooth tensile bar

(a) V-notched specimen: 60° included angle; minimum diameter = 3.81 mm; maximum
diameter = 7.77 mm; notch root radius = 0.024 mm. Elastic stress concentration factor, K;
=8.4.

(b) V-notched specimen: 60° included angle; minimum diameter = 8.00 mm; maximum
diameter = 12.70 mm; notch root radius = 0.051 mm. Elastic stress concentration factor,

Kt:

8.4.

Table 3.1.2.2. Notched tensile properties of Types 321 and 347 stainless steels tested at low
temperature in hydrogen gas. Properties in helium gas are included for comparison.

Displ.
. . Thermal Test Temp. Sy T os |RA
Material | Specimen precharging | environment | (K) (rrrlarl:le/s) (MPa) | (MPa) | (%) Ref.
None 34.5 MPa He ~ — 986 | 12
W73 (a) 144 0'1 [8]
321 None 34.5 MPa H, x10 — | 972 | 12
None 34.5 MPa He 720 | 1579 | 12
H73 (b) |, (7]
347 None 34.5 MPa H, x10 664 | 1540 | 12

1 yield strength of smooth tensile bar

(a) V-notched specimen: 60° included angle; minimum diameter = 3.81 mm; maximum

diameter = 7.77 mm; notch root radius = 0.024 mm. Elastic stress concentration factor, K;
=8.4.

(b) V-notched specimen: 60° included angle; minimum diameter = 8.00 mm; maximum

diameter = 12.70 mm; notch root radius = 0.051 mm. Elastic stress concentration factor,

Kt:

8.4.
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Table 3.1.2.3. Notched tensile properties of Type 347 stainless steel tested at elevated
temperature in hydrogen gas. Properties in helium gas are included for comparison.

Displ.
. . Thermal Test Temp. Sy T Os | RA
Material | Specimen precharging | environment | (K) (ni?;e/s) (MPa) | (MPa) | (%) Ref.
None 34.5 MPa He 397 | 713 | 19
H73 (b) 950 | ¥, (7]
347 None 34.5 MPa H, x107 1397 | 693 | 16

1 yield strength of smooth tensile bar.

(b) V-notched specimen: 60° included angle; minimum diameter = 8.00 mm; maximum
diameter = 12.70 mm; notch root radius = 0.051 mm. Elastic stress concentration factor,
Ki=84.

Table 3.4.1. Creep properties of Type 347 stainless steel tested at 950 K in hydrogen gas.
Properties in helium gas are included for comparison.

Material Stress ‘Test Time to creep (hr) Eﬁiﬁg El | RA Ref.
(MPa) | environment | 0.5% | 1.0% | 2.0% (hr) (o) | (%)
279 | 345MPaHe | <0.1| 0.15 | 0.2 0.3 8.7 | 48
H73 134 | 345MPaHe | 3.0 | 9.0 | 165 24.5 8.5 | 44
347 137 | 345MPaH, | 8.0 | 14.0 | 21.0 23.9 26 | 14 7]
81 345MPaH, | 60.0 | 115.0|187.0| >187.0 |NCR |NCR

NCR = no creep rupture
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1347 stainless steel
1frequency ~ 0.06 Hz O 34.5MPaHe gas
{temperature = 300 K ® 345MPaH,gas
S
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o
=
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Figure 3.3.1.1. Applied strain range VS number of cycles to failure data for Type 347 stainless
steel (material H73) [7]. Two plots are presented for one set of results: the data are plotted
using the plastic strain range as well as the total strain (elastic + plastic) range. Two symbols
are plotted for each data point on the plastic strain range plot, where the symbols indicate the
variation in plastic strain during the test. Data are shown for tests conducted in both hydrogen
gas and helium gas.

1200

1347 stainless steel
|load ratio = 0.1
Jfrequency = 20 Hz

1000 4 temperature = 300 K O  34.5MPaHe gas
j ® 345MPaH,gas

s .\Q\‘\@\M

i o—
600 - :

Maximum Tensile Stress (MPa)

400 T
10t 10? 108 10* 10° 106
Cycles to Failure
Figure 3.3.2.1. Maximum tensile stress VS number of cycles to failure data for Type 347
stainless steel (material H73) [7]. Data are shown for tests conducted in both hydrogen gas

and helium gas. The test specimens at the two lowest stress levels did not fail and tests were
terminated at 10° cycles.
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Figure 3.4.1. Tensile stress Vs time to rupture data for Type 347 stainless steel (material H73)

[7]. Data are shown for tests conducted in both hydrogen gas and helium gas. The test
specimen at the lowest stress level did not fail and the test was terminated at about 200 hr.
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